In this paper we give an account of the current state of practice in ontology engineering based on the findings of a six months empirical survey we performed between October 2008 and March 2009 that analysed 148 ontology engineering projects from industry and academia. The survey focused on process-related issues and looked into the impact of research achievements on real-world ontology engineering projects, the complexity of particular ontology development tasks, the level of tool support, and the usage scenarios for ontologies. The main contributions of this survey compared to other works in the ontology engineering community are twofold: Firstly, the size of the data set the results are grounded on is by far larger than every other similar endeavour published in the last years. Secondly, the findings of the survey confirm the fact that ontology engineering is an established engineering discipline in respect of the maturity and level of acceptance of its main components, methodologies, methods and software tools, whereas further research should target the customization of existing technology to the specifics of vertical domains, as well as economic aspects of ontology engineering.
Introduction
Semantic technologies are entering mainstream IT. Major IT vendors worldwide extend their products into support for semantics, and the results reported by adopters from vertical sectors as diverse as life sciences, telecommunications, automotive, ecommerce and e-Government convincingly demonstrate the added value of technologies such as RDF a , RDFa b , SPARQL c as well as ontologies. Confronted with these bright prospects, one question that arises is about the directions of research the Semantic Web community needs to further pursue in order to ensure a sustainable impact in sectors as those previously mentioned, and to advance the field to cope with the challenges imposed by present and future Information and Communication Technology developments. Ontologies are a core building block of the semantic technology stack. As means to formalize the kinds of things that can be talked about in a system or a context, they are increasingly being used to tackle a number of important aspects of modern IT, from enabling interoperability to managing information and sharing knowledge. The achievements of the ontology engineering community in the more than fifteen years that have passed since its foundation form a solid basis for the usage of ontologies in all these technical contexts across various application scenarios and vertical sectors -methodologies provide processes-oriented guidelines for the development and maintenance of ontologies in centralized or decentralized environments; numerous methods and techniques are available for extracting ontologies from other knowledge structures or resources such as text corpora [Cimiano (2006) ], classifications and taxonomies ], folksonomies [Van Damme et al. (2007) ], or data schemes [Astrova (2004) ], and for matching, merging, and alignment ontologies [Euzenat et al. (2007) ]; finally, ontology engineering environments such as Protégé d and TopBraidComposer e provide a rich list of features supporting particular tasks within the ontology life cycle. To date, the dominating approach to ontology engineering is grassroots-and community-driven. Mature ontologies already exist in domains such as eHealth or eCommerce. For other domains, initiatives such as VoCamps f provide the organizational framework for stakeholders and enthusiasts to meet, exchange ideas, reach a common understanding, and develop ontologies of general interest. Wiki-based systems such as Semantic Media Wiki g are extensively used to support the ontology engineering process when it comes to knowledge elicitation or structuring. Interesting is also the approach pursued in OntoGame h , which harnesses the wisdom of the crowds within casual games to create OWL ontologies and semantic annotations of multimedia [Siorpaes et al. (2008) ].
In a few words, the results achieved by the ontology engineering community in the last decades are of incontestable value for the large-scale uptake of semantic technologies. Nevertheless, their range of application in real-world projects was so far comparatively limited, despite the growing number of ontologies online available and gradual improvements of the accompanying technology. This marginal impact was shown in several recent empirical surveys and case studies. In [Paslaru-Bontas et al. (2006) ] the authors recommended intensified promotion measures for ontology engineering methodologies and their benefits, to raise the awareness of semantic technology researchers and practitioners in this respect. Cardoso's investigations highlighted the importance of ontology engineering methodologies in commercial settings [Cardoso (2007) ]. Finally, one of the main conclusions in [Hepp (2007) ] was the need for advanced technology to cope with ontology development and maintenance in rapidly changing environments. A community-driven approach to ontology engineering together with improved tool support throughout the ontology life cycle could alleviate this situation. The study also argued that the more detailed and expressive an ontology is, the less accepted and useful it is likely to be for the community, partially due to the increased effort that is required to understand and apply the ontology in a given project. Tools facilitating the reuse of ontologies could have a positive effect on this situation.
Contributions of the Article
In this article we present an update on the state of the art in ontology engineering in 2009. The article is based on a six months empirical survey performed between October 2008 and March 2009 that collected data from 148 ontology engineering projects from industry and academia in order to give an account of the current ontology engineering practice, and the effort involved in these activities. Just as our previous work from 2006 [Paslaru-Bontas et al. (2006) ], the survey focused on process-related rather than modeling issues. In particular it analysed the impact of research achievements such as methodologies on real-world ontology engineering projects, the complexity of particular ontology development tasks, the level of tool support for each of these tasks, and the application scenarios of ontologies. The main contributions of this survey compared to related work in the field are twofold. Firstly, the size of the data set the results are grounded on is by far larger than every other similar endeavour published in the last years. A survey of comparable scope could be the one by Cardoso published in 2007 [Cardoso (2007 ]. It contains data collected from interviews with several hundreds of researchers and practitioners; however, it targeted semantic technologies in general, and did not cover ontology engineering aspects at the same level of detail as our work. Secondly, the findings of the survey confirm the fact that ontology engineering is by now an established engineering discipline, providing the full range of methodologies, methods, techniques, and software tools that allow for real-world projects to be feasibly undertaken, to some extent even without external ontology engineering consultancy. Nevertheless, some aspects still demand further investigation. Similarly to other engineering disciplines, requirements analysis remains a challenging task. In this case, improvement could be achieved if ontology engineering technology would be customized and extended to accommodate the specifics of relevant vertical sectors, based on the practices therefore available in the respective communities of interest. Complimentary, the study of costs and benefits of ontology engineering could provide a means to steer and further structure the ontology engineering process, to decide among alternative engineering strategies, and to argue in tangible terms in favour of the adoption of ontology-based technologies. A closer integration of such economic considerations into the ontology life cycle and ontology development environments will enable a new level of quality in the management of projects employing semantic technologies, which is particularly important in commercial settings. Last, but not least, with ontologies becoming more and more popular, the availability of high-quality ontologies in key application domains, as well as of industrial-strength technology for using and reusing these ontologies will be essential for a sustainable and durable impact.
Structure of the Article
The rest of this article is organized as follows: Section 2 gives a brief overview of the ontology engineering field in respect of the processes, approaches and technology in place, as a baseline for the design of our survey. Section 3 presents the design of our survey and the data set collected, while Section 4 discusses the most important results and their implications. Section 5 provides a summary of existing analytical and empirical studies published in the ontology engineering literature in the last years, and explains their relationship to our research. Finally, Section 6 summarizes the main findings of the survey and concludes the article.
Ontology Engineering in a Nutshell
Ontology engineering is formally defined as "the set of activities that concern the ontology development process, the ontology life cycle, and the methodologies, tools and languages for building ontologies" [Gómez-Pérez et al. (2003) ]. During the last years ontology engineering evolved from a purely research field to real-world applications, situation which is demonstrated by the wide range of projects with major industry involvement, and by the increasing interest of small and medium enterprises requesting consultancy on this topic. This section gives an overview of some of the most important ontology engineering activities, as a baseline for the design of our survey and its results.
Ontology engineering methodologies provide guidelines for developing, managing and maintaining ontologies; recent surveys on ontology engineering methodologies are available, for instance, in [Gómez-Pérez et al. (2003) ; Sure et al. (2006) ]. Such methodologies decompose the ontology engineering process in a number of steps, and recommend activities and tasks to be carried out for each step. The importance of a particular activity within a concrete ontology-related project depends on the characteristics of the environment in which the ontology is to be used, the complexity of the ontology to be developed, the availability of domain-relevant information sources, and the experience of the ontology engineering team, to name but a few. Orthogonally thereof, in [Gómez-Pérez et al. (2003) ] the authors differentiate three types of activities within an ontology engineering process -management, development and support activities (cf. Figure 1) . The first covers the organizational setting of the overall process. In particular, at pre-development time, a feasibility study examines if an ontology-based application, or the use of an ontology in a given context is the right way to solve the problem at hand. The second type of activities refers to classical activities such as domain analysis, conceptualization and implementation, but also maintenance and use, which are performed at post-development time. Ontology support activities such as knowledge acquisition, evaluation, reuse, and documentation are performed in parallel to the development activities.
Fig. 1. Main Activities in Ontology Engineering
In addition to activities, methodologies also define the roles of the individuals and organizations involved in the project. They typically distinguish between domain experts providing knowledge with respect to the domain to be modeled, ontology engineers with expertise in fields such as knowledge representation and development tools, and users applying the ontology for a particular purpose. In the course of the transition of ontology engineering from research labs to real-world projects, the trend has more and more shifted towards methodological approaches which facilitate a potentially broad base of less technically skilled parties which crucially contribute to the creation and evolution of ontologies. Two main types of approaches have been proposed: Some of the most popular methodologies for centralized ontology engineering are IDEF5 [Benjamin et al. (1994) ], METHONTOLOGY [Fernandez et al. (1997) ], and OTK ]. IDEF5 and METHODOLOGY give an overview of the most important activities of an ontology engineering process, with a focus on ontology development. As compared to the process model introduced by these methodologies, OTK's main contribution is the integration of the overall ontology engineering process into a more comprehensive framework for the realization of knowledge management applications which rely on ontologies. [Pinto et al. (2004) ; Kotis et al. (2005) ] address the question of consensus-building, which is particularly relevant in decentralized ontology engineering. Following the advent of trends such as user-generated content and the Social Web, more recent research in the field looks into how to apply Web 2.0 principles and technologies in order to facilitate the development of community-driven ontologies, and to adapt earlier ontology engineering to the requirements of the new IT landscape and to the needs of modern engineering teams [Mainz et al. (2008) ]. Classical ontology engineering is moving towards collaborative approaches based on wikis ], tagging [Braun et al. (2007) ] or casual games [Siorpaes et al. (2008) ]. Methodologies for ontology reuse [Gangemi et al. (1998) ; Paslaru-Bontas (2007); Pinto et al. (2000) ] or ontology learning [Maedche (2002) ; Simperl et al. (2007) ] complement the overall picture, guiding the ontology support activities of the ontology life cycle.
Overview of the Survey
The aims of our survey were manifold:
• to capture the basic ontology engineering understanding of semantic technology adopters; • to give an account of the state of ontology engineering practice as of 2009; • to assess the level of support provided by available ontology engineering methodologies, methods and tools; and
• to suggest directions for further research and development in the field.
We collected data from 148 projects, a significantly higher number than in our 2006 work (34 projects) or any other similar survey published so far. The size of the data set can be seen as an indicator of the general positive trend in the field. Through its size and the range of the subjects covered, the survey gives a comprehensive overview of the current state of practice in ontology engineering. The data was gathered through face-to-face or telephone interviews (approximately 60% of the projects), the rest via an online questionnaire. The respondents are representative for the community of adopters and developers of semantic technologies. They were IT practitioners, researchers and experts from various disciplines, affiliated to industry or academia, participating in the last 3 to 8 years in ontology engineering projects in areas as diverse as Information Systems, eCommerce, multimedia, Semantic Web services, eTourism, or Digital Libraries. More than 95% of the projects surveyed were carried out in Europe, whilst nearly 35% originated from industry parties. The ontologies developed by the industry were mostly used in commercial IT solutions. Most of the ontologies were either domain or application ontologies, whereas few of them were core ontologies. The size of the ontologies in the data set varied from 60 entities to 11 million entities (see Figure 2 ). The knowledge representation language of choice was OWL DL i (30%), followed by WSML DL j and WSML Flight (around 10% each) and RDF(S) k (9%). The effort of the ontology engineering projects varied from 0.02 to 156 person months.
The survey was supported by a self-administered online questionnaire consisting of 38 open-ended and scaled questions divided into four parts.
l The first part covers general aspects of the ontology engineering project at hand, including the size of the resulting ontology, its scope and purpose, and the development costs. The second part refers to ontology development and support activities, such as domain analysis, conceptualization, implementation, documentation and evaluation. The third part of the questionnaire is related to the engineering team which was engaged in the project. Finally, the fourth part contains questions about the software used to support and guide the process. A description of the questions is provided in Table  1 , while a more detailed presentation of the structure of the questionnaire can be found in our previous work in [Paslaru-Bontas et al. (2006) ]; the questionnaire was used, to a large extent, in the reality check survey we conducted in 2006, whose results are reported in [Paslaru-Bontas et al. (2006) ], minor modifications being made based on feedback received in the first round.
i http://www.w3.org/TR/owl-guide/ j http://www.wsmo.org/wsml/wsml-syntax k http://www.w3.org/TR/rdf-schema/ l The questionnaire is available online at http://ontocom.sti-innsbruck.at. 
Survey Results and Discussion
This section presents the results of the survey and discusses their implications. The section is divided into two parts. The part on general issues covers findings related to the overall ontology engineering projects. The part on process and personnel issues resorts to correlation analysis in order to identify those aspects of ontology engineering which have a high impact on the total development costs and their interdependencies.
General Issues
The survey pointed out that the use of methodological support for developing ontologies clearly varies from project to project. As with previous findings, some IT professionals and researchers did not perceive ontology engineering as a systematic process which should be performed according to a predefined methodology. Nevertheless, the way the overall process was carried out was largely inline with the general recommendations found in the literature in the field. Most notably, use of strict methodological guidance was available in more complex and longer ontology development projects. On average, concrete use of some methodology was observed in one out of nine projects. Lower percentages could be measured predominantly in projects developing simple ontologies or implementing requirements of less complexity. In the case of more challenging or specialized ontology develop- -process-driven methodologies are used in one out of two projects in which assistance to the ontology engineering team is expected to be essential. A significant number of participants (approximately 20%) used METHONTOLOGY [Fernandez et al. (1997) ] to develop their ontology. Just as in, for instance, software engineering, the fact that an increasing number of projects resort to predefined methodological support confirms the fact that ontology engineering is on its best way to become an established engineering discipline. This finding is novel compared to the ones of previous analytical and empirical surveys with similar objectives published two or more years ago. These surveys could not take into account the most recent, rapid advances of semantic technologies, and had a narrower scope in terms of the data set collected. As far as improvements are concerned, participants suggested that project settings in which domain analysis and evaluation needs run high mandate domain-specific customizations of the generic methodologies available. This can be confirmed by our data analysis, which indicates low tool support for these ontology engineering activities. High tool support therefore was shown to reduce development time considerably. Such customizations might be particularly beneficial for very complex domains, for the development of ontologies with broad coverage, or for those that involve non-common-sense knowledge such as life sciences. A last issue to be highlighted, in particular as more and more high-quality ontologies are becoming available, is ontology reuse. Our survey showed that this area of ontology engineering is still in an early stage of adoption. Conceptually, reuse is predominantly understood in a very broad sense, as capturing ontological knowledge from relevant information sources, including ontologies, but also other resources. When understood in its strict sense, it mainly consists of reusing a single ontology with minor adaptations of the original content (approximately 5%). The general scenario in which multiple reuse candidates are assessed and compared against each other is, independently of state-of-the-art of the research in the field, not covered by the projects surveyed. The same applies to the reuse of multiple ontologies which are customized, merged and integrated in a new application setting. While the adoption of ontology-based technologies will continue, it is likely that such scenarios will gain in relevance and more efforts will need to be invested in revising existing ontology reuse methods, techniques and tools towards providing the adequate level of support for non-technical users. A summary of the general issues is listed in Table 2 .
Process, Personnel and Project Issues
As aforementioned, the structure of the survey assumed the activity breakdown of ontology engineering processes introduced in Section 2. This set-up proved to match to a satisfactory extent the way the surveyed projects carried out the process. The interviews emphasized, however, some discrepancies between
• the complexity of particular activities as perceived by ontology engineering practitioners,
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Approximately 50% of the participants made use of an ontology engineering methodology in large-scale projects. 95% of the collected ontologies were built in Europe. 35% of the ontologies were built in the industry. Approx. 60% of the ontologies were built from scratch. If ontologies were reused in projects, they made up to 95% of the final ontology. Ontology reuse was predominantly interpreted as usage of relevant information sources, be that ontologies or others. In other words, reuse is still mostly performed at a knowledge level as opposed to implementation level. • the significance of these activities as measured in terms of their impact on the total development costs, and • the level of maturity achieved at present by the R&D community with respect to methods and tools supporting these activities.
In the following we look into these issues in more detail. To investigate the relationship between the individual aspects, their interdependencies and impact on the development costs, we performed a correlation analysis. The Correlation analysis provided a general overview of the importance of each aspect, and assisted in identifying those aspects whose impact might have been underestimated so far and that would require additional attention in terms of novel methods and tools. Aspects can be positively correlated (value between 0.1 and 1), negatively correlated (value between -0.1 and -1) or independent (value between -0.1 and 0.1). Overall, the outcomes of the correlation analysis were consistent with the feedback we received from the interviewees. In some cases the values were counter-intuitive, which can be attributed to the high number of variables in the model and the diversity of projects involved in the data set. Table 6 shows the correlation between the various ontology engineering-related aspects covered by the survey and the project effort in person months.
Correlation between Ontology Engineering Aspects and Effort
DCPLX Out of the six positively correlated factors, domain analysis was shown to have the highest impact on the total effort, achieving a significantly higher correlation value over the other five activities. This is an assessment of the time-consuming nature of the knowledge acquisition process, which was also confirmed by comments received from the participants in the interviews, and by previous surveys in the field. As the results in Figure 3 point out, tool support for this activity was very poor. Many interviewees questioned the utility of available tools, which were perceived as too generic especially when it came to ontologies developed for highly specialized domains such as health care, or in projects relying on end-user contributions. In addition, participants shared the view that process guidelines tailored for such specialized cases are essential for the success of ontology engineering projects. Current methodologies are very generic when it comes to issues of knowledge elicitation. They state the imperative need of a close interaction between domain experts and ontology engineers, but extensive studies on using techniques such as concept maps, card sorting and laddering [Cooke (1994) ] are largely missing. These particular techniques, complemented with detailed insights on the practices established in the respective domains, could be very useful to design specially targeted methodologies and guidelines for ontology engineering. OE The quality of the implemented ontologies remains a major concern among ontology engineers. Nevertheless, the projects we surveyed seldom used any of the existing ontology evaluation methods and techniques, but relied on expert judgement. In projects in which systematic ontology evaluation practices were observed, they immediately had a significant impact on the effort. More than 50% of the surveyed projects reported minor effort in formally testing the ontologies they developed. Other 48% reported fair use of simple testing methods which were carried out mostly manually. Only three projects performed extensive testing using several methods. The survey indicated a combination of manual testing and self-validation by the engineering team as the preferred and common choice in most projects. At this juncture ontology evaluation plays a passive role for ontologies developed in less formal project settings such as in academia. However, as ontology evaluation practices increase with the demand for quality assurance, the associated impact on effort can be substantial. DOCU Documentation proved to be a costly factor as well. The survey results point out that most of the developers of highly specialized ontologies perceived documentation as a resource-intensive activity. This was not necessarily true for less complex ontologies, or in cases in which the development process was less formal. CCPLX, ICPLX The ontology conceptualization, which is responsible for the modeling of the application domain in terms of ontological primitives (concepts, relations, axioms), and the ontology implementation where the conceptual model is formalized in a knowledge representation language, are positively correlated factors. However, their impact on the total effort is not as high as the one of the domain analysis or the ontology evaluation. This outcome speaks for the relatively well understanding and high-quality tool support for these activities of the ontology engineering process. OCAP/DECAP, OEXP/DEEXP, LEXP/TEXP The impact of personnelrelated aspects suggests that more training programs in the area of ontology engineering, better collaboration support, and an improved, more fine granular documentation of the decisions taken during the ontology engineering process may have positive effects. SITE The data analysis produced counter-intuitive results for the SITE parameter which accounts for the degree of distribution of the team and their communication and collaboration facilities. Here the analysis suggested that email communication lowered the effort needed to build ontologies while frequent face-to-face meetings increased the effort significantly. This could be based on the assumption that face-to-face meetings produced more different views on the ontology, and resulted in more discussions which, of course, raises the costs of ontology development.
The slight dominance of factors such as DCPLX (domain analysis) and OE (ontology evaluation) indicates that any facilitation in these activities may result in major efficiency gains. Even though tools such as wikis may be helpful especially in collaborative settings, they are still rarely used for the purpose of domain analysis. More generally, the results of the interviews indicated a low tool support for this task. This situation could be improved by applying methods such as automated document analysis, or ontology learning approaches, to support the analysis of the domain, the assessment of the information sources available and the knowledge elicitation process. Extending existing methodologies with specific empirically determined practices in place could also have a positive effect, particularly in vertical domains. A similar conclusion can be drawn for ontology evaluation. Despite of the availability of automated approaches such as unit tests, consistency checks or taxonomy cleaning techniques, ontology evaluation still lacks tools which are easy to use and comprehensible for most users.
Concluding the correlation analysis between ontology engineering aspects and effort, we can state that process activities such as domain analysis, conceptualization, implementation and evaluation, as well as the level of re-usability of the ontology, and the documentation requirements have a well-distributed correlation factor associated with the effort. This means that each of these activities exhibits a relevant impact on the effort, while at the same time indicating that no individual activity plays a overwhelmingly dominating role. As expected, the quality of the ontology engineering team is crucial for the success of a project; it would be interesting to investigate, however, the effect of such aspects in more collaborative scenarios, which could become the norm in ontology engineering. The data set on which this analysis is based on is not relevant for highly decentralized scenarios of community-driven ontology engineering. More research is needed to assess the state of the art in the area of ontology reuse and associated activities such as ontology understanding, merging, and integration. In this respect the survey is not representative and should be revisited once this engineering approach gains more importance, for instance, as a consequence of the wide scale development of a critical mass of ontologies in diverse vertical sectors.
Correlation between Ontology Engineering Aspects
In addition to the impact on the total development effort we analysed the correlation between specific aspects of ontology engineering projects. Since it is not possible to account for all possible relationships between them in the scope of this article, we will restrict ourselves to the most important findings in the following.
Personnel-related aspects (Table 4) were shown to be positively correlated. This was obvious for those questions referring to the capability and experience of the ontology engineering team. In most cases the survey showed that the capability of the participants was largely based on their project experience. Additionally, the software support available to projects carried out by the same ontology engineering team tended to remain unchanged. When new tools were introduced, the learning period for experienced practitioners was much higher than for novel developers. Similar observations were made in software engineering, in which habits of software use have a significant influence on acceptance and adoption of new software. High correlation values were also measured between activities within the ontology engineering process (Table 4) . One, in particular, was between ontology evaluation and ontology documentation (Table 5 ). Data analysis showed that these results were largely concentrated on large-scale ontology engineering projects. This is possibly due to the fact that such ontology development projects run more extensive evaluation tests, which in turn might lead to additional documentation effort. Domain analysis was most highly correlated with the conceptualization and implementation. The majority of the interviewees did not perceive a clear cut between the conceptualization and the implementation activities. Conceptualization in most cases was a lightweight description and classification of the expected outcomes. In most of the projects surveyed there was no language-or tool-independent representation of the ontology. Instead, the ontology was implemented with the help of an ontology editor. In over 40% of the projects the development was performed mainly by domain experts, who generally agreed that current ontology editors are relatively easy to learn and utilize. This finding is different from the observations of previous surveys and comparative studies, and confirms one more time the fact that ontology engineering has reached an industry-strength level of maturity. A summary of the results is presented in Table 6 below. Personnel-related aspects were crucial for the success of the surveyed projects, particularly for classical ontology engineering. The personnel turnover was not relevant for most of these projects, thus the comparatively low value assigned. As collaborative ontology engineering gains more adoption, it would be interesting to identify which aspects still remain relevant for the total development costs and which ones need to be added to account for a community-driven approach (e.g., motivation). This accounts for the overhead associated with interactions within a geographically distributed project team. Face-to-face meetings were perceived to increase the total costs of the project, an issue which demands for adequate collaborative environments which support decentralized ontology engineering. 
Related Work
This section gives an overview of the surveys and case studies on ontology engineering previously published in the literature. With respect to the surveys we can distinguish between analytical and empirical ones. The first category of surveys analyses ontology engineering methodologies from the theoretical perspective and identifies open issues in this field. In the nineties the focus was on laying out the foundations of ontology engineering by defining representation languages, designing methodologies supporting the ontology life cycle, proposing modeling high.
patterns, and developing ontologies for particular domains [Peterson et al. (1998) ; Lenat et al. (1995) ; Noy et al. (1997) ]. Surveys from that period mention, for instance, the need for guidelines and best practices on ontology development and reuse, and for fully fledged, tool-supported methodologies [Jones et al. (1998); Grüninger et al. (1995) ]. Some of these issues were still to be solved years later: a comprehensive survey on ontology engineering methodologies published in 2003 identified a lack of software support for many methodologies and their limited scope as compared to the ontology life cycle [Corcho et al. (2003) ]. More recent surveys highlighted the integration of ontology engineering into the enterprise (business process) modeling landscape and the study of ontology engineering economics as essential issues for the adoption of ontology engineering beyond the research labs of the Semantic Web community [Sure et al. (2006) ]. A second category of surveys focuses on insights and findings derived from real-world case studies on ontology development, management, or reuse. Most of the existing surveys reported on the application of self-developed methodologies, highlighting their advantages as compared to alternative engineering approaches [Uschold et al. (1998) ; Tempich et al. (2006) ; Uschold et al. (1995)] . A common theme is the need for a software environment supporting the ontology engineering team at particular stages of the methodology, as a means to reduce the associated costs and to lower the barrier of entry for potential applicants. Other surveys described the deployment and evaluation of a specific ontology engineering methodology in a specific domain or system, or introduced in detail a particular ontology engineering tool and its usage in a given context [Bernaras et al. (1996) [Hristozova et al. (2003) ; Koenderink et al. (2005) ; Tautz et al. (2000) ] evaluated ontology engineering technology with respect to their relevance and usability, prior to applying them in a particular application setting, or operated the engineering process without nominally committing to existing techniques. The case studies generally assessed the limited usability or the poor impact of most parts of existing ontology engineering methodologies, methods and techniques. Practical guidelines and recommendations for developing ontology-based applications in specific sectors are available, for instance, in ; Noy et al. (2001) ].
Other studies highlighted the limited awareness of ontology engineering methodologies in commercial settings: [Cardoso (2007) ] analysed key trends and developments in a comprehensive survey which involved several hundreds of Semantic Web researchers and practitioners. The survey reported on the scope of ontology development projects, as well as languages, methodologies, and tools in use, but had a broader scope and thus provided fewer insights on ontology engineering practice. One of their conclusions was the limited awareness of ontology engineering method-62 Simperl, Mochol, Bürger ologies among practitioners which, authors argued, hampered industrial adoption. Another study reported on social and technical bottlenecks which hinder the wide uptake of ontologies and one of its main findings was the need for advanced technology to cope with ontology development and maintenance especially in rapidly changing domains [Hepp (2007) ].
Conclusions
Industry is starting to acknowledge the technical value of ontologies for enterprises. In the last years, early adopters have been increasingly using them in various application settings ranging from content management to enterprise application integration. The main technological building blocks and development platforms are meanwhile available from established vendors. Despite this promising position, the information known about the process underlying the development of ontologies in practice is still very limited. The literature reports predominately on case studies which involved methodologists, while ontologies are envisioned to be developed by domain experts possessing limited to no professional skills in ontology engineering. Surveys of recent date, including previous work of ours from 2006, are either of analytical nature or not supported by a critical mass of the community of adopters.
The aim of this paper was to fill this information gap through a study with 148 projects that developed ontologies for commercial as well as academic applications for a wide range of domains. This is by far the largest survey of this kind conducted in the community, and covers a significant share of the most relevant and popular ontology engineering projects ever run in the rapidly evolving semantic technology landscape.
The survey investigated the systematics, the development effort and the problems encountered in ontology engineering projects. We collected answers to 38 questions related to common phases of ontology engineering, as well as to personnel and project setting. The main findings of the survey are:
• ontology engineering methodologies are used in critical projects developing large ontologies or being under critical requirements; • an increasing number of ontology projects involve end-users in the development projects. Ontology editing tools seem to be well-appropriate to be used by less technology-prone users, whilst project teams are reluctant to changing a tool environment due to the high learning curve; • ontology engineers need cost benefit analysis methods to determine the transition point between ontology engineering activities; and • with the uptake of ontology-based technology the need arises for methodologies and techniques customized for the characteristics of particular vertical domains. This is most notably true for activities having a high impact on the total development costs such as domain analysis and evaluation.
These findings confirm the fact that ontology engineering can be considered an established engineering discipline -methodologies are used in projects whose success critically depends on a systematic operation of the engineering process, whilst endusers become more involved in the development of ontologies with the help of mature ontology management tools. In order to overcome some of the problems discovered though this survey we suggest to:
• put some effort in adapting and refining generic ontology-based technology for settings in which the domain analysis and the evaluation of the resulting ontology are acknowledged to be challenging. Ontology engineering research should investigate practices and techniques already in place in the respective communities and integrate these in domain-specific versions of methodologies and software tools, most notably for knowledge acquisition and evaluation; • provide support for a detailed documentation of decisions taken during the ontology engineering process; • investigate in more comprehensive studies the state of the art in ontology reuse and decentralized ontology engineering; • set up specific targeted training programs for practitioners and end-users; and • design instruments for assessing the costs and benefits of ontology engineering.
